Shear stress, imposed on the vascular endothelium by circulating blood, critically sustains vascular synthesis of nitric oxide (NO). Endothelial NO synthase (eNOS) activity is determined by heat shock protein (Hsp) 90, caveolin-1, and the cofactor, tetrahydrobiopterin (BH4). To determine whether increased blood flow concomitantly upregulates eNOS and GTP cyclohydrolase I (GTPCH-1, the rate-limiting enzyme in BH4 biosynthesis), an aortocaval fistula model in the rat was employed wherein aortic blood flow is enhanced proximal to the fistula, but decreased distal to the fistula. Eight weeks after the creation of the aortocaval fistula, the proximal and distal aortic segments were harvested; sham-operated rats served as controls. Vasomotor function was assessed by isometric force recording. Expression of eNOS, Hsp90, caveolin-1, Akt, phosphorylated eNOS (eNOS-S1177), and GTPCH-I were determined by Western analysis. Biosynthesis of BH4 and GTPCH-1 activity were examined by HPLC. In the aortic segments exposed to increased flow, contractions to KCl and phenylephrine were reduced, whereas endothelium-dependent relaxations were not affected as compared to sham-operated or aortic segments with reduced blood flow.
Introduction
Vascular endothelial cells are constantly exposed to shear stress incurred by circulating blood (4; 19) . Shear stress is an important regulator of vascular diameter, vascular wall remodeling, hemostasis, and inflammatory responses (9) . Endothelial nitric oxide synthase (eNOS) is the key molecule in the regulation of vascular function during changes in shear stress or blood flow, and exhibits increased expression and activity in endothelial cells are exposed to high laminar flow (3; 27; 29) . Upregulation of eNOS produces higher levels of NO, which relaxes the vascular smooth muscle cells, inhibits smooth muscle cell proliferation, and prevents adhesion of inflammatory cells and platelets (15) . Laminar shear stress thus exerts a significant antiatherogenic effect in the cardiovascular system (37).
The biosynthesis of NO by eNOS can be regulated by the protein-protein interaction, phosphorylation of the enzyme, and the availability of the substrate L-arginine, the cofactor tetrahydrobiopterin (BH4), and calcium (12; 16) . Two of the most important proteins influencing activity of eNOS are heat shock protein (Hsp) 90 and caveolin-1. Binding of Hsp90 enhances the activity of eNOS, whereas binding to the caveolin-1 scaffold domain holds eNOS in a "primed" yet inactive state (16) . Shear stress influences the NO-generating machinery at several steps. For example, the association of eNOS and Hsp90 is stimulated when cultured endothelial cells are exposed to shear stress (14) ; in cultured endothelial cells shear stress increases the density of caveolae (32) , the latter considered a mechanosensor of shear stress in the plasma membrane of endothelium (1; 31) . Endothelial NOS is rapidly phosphorylated at serine 1177 (eNOS-S1177) by shear stress and enhances the production of NO via the activation of protein kinase B/Akt pathway (6; 10; 13). While these in vitro studies on cultured endothelial cells provide important insights regarding behavior of vascular endothelium in response to shear stress, the extent to which these findings faithfully predict behavior of the vasculature exposed to increased blood flow in vivo is a largely unaddressed issue. Vascular responses including gene and protein expression, as shown in our prior studies (28) , may not accurately reflect responses observed in vivo. Moreover, few, if any, studies have examined whether changes in caveolin-1 and protein kinase B/Akt accompany induction in eNOS in vivo in response to increased blood flow, and none -either in vivo or in vitro -have examined the effect of blood flow on BH4 metabolism. The effect of shear stress on BH4 metabolism cannot be reliably studied by an approach based on an endothelial cell culture system since levels of BH4 measured in cultured endothelial cells are very low, the latter incurred by the artefactual loss of BH4 from cultured cells; the assessment of BH4 and the rate-limiting enzyme in the biosynthesis of BH4, GTP-cyclohydrolase (GTPCH-1), in such in vitro systems is thus problematic (22; 33; 41 ). An added issue raised by such artefactual reduction in cellular content of BH4 is that eNOS may be uncoupled when BH4 is insufficiently supplied, thereby leading to cellular production of superoxide anions rather than NO (7; 24; 38).
Our present study was thus designed to test the hypothesis that in vivo increased blood flow causes up-regulation of GTPCH-I protein expression and enzymatic activity, thereby increasing local concentration of BH4 in arterial wall, and thus contributing to the increase in eNOS observed in this setting.
Methods

Rat model of aortocaval (AC) fistula
The aortocaval fistula model has been described in detail in our previous reports (23; 28) . In brief, a fistula was created in the abdominal aorta and adjacent inferior vena cava (IVC) of SpragueDawley rats (approximate 250 g) by puncturing the vessels using an 18G needle. The entry point of needle into aorta was sealed with a drop of cyanoacrylate glue. The sham-operated rats underwent laparotomy, cross-clamping of the aorta and IVC for 30 seconds without puncturing, and the placement of a drop of glue at the abdominal aorta. All procedures were performed in accordance with the guidelines of the Animal Care and Use Committee of Mayo Clinic and Foundation.
Eight weeks after the creation of AC fistula, systolic blood pressure was measured in conscious rats by an automated tail-cuff method (Harvard Apparatus, Kent, UK). Rats were then anesthetized with ketamine (30 mg/kg, i.m.) and xylazine (6 mg/kg, i.m.), subjected to a midline abdominal incision, and the aorta exposed. Blood flow in the abdominal aorta at the level above renal vessels was measured by an ultrasonic flowprobe (Transonic System, Ithaca, NY). Rats were euthanized with injection of pentobarbital (250 mg/kg, i.p.) after the hemodynamic measurements, and the abdominal aorta was harvested.
Western blotting
Isolated aortic segments were lysed in buffer containing 50 mm/L NaCl, 50 mmol/L NaF, 50 mmol/L sodium pyrophosphate, 5 mmol/L EDTA, 5 mmol/L EGTA, 2 mmol/L Na 3 VO 4 , 1% Triton X-100, 0.5 mmol/L PMSF, 10 µg/ml leupeptin, 10 mmol/L HEPES, pH 7.4. Soluble protein extracts (50 µg) were loaded into polyacrylamide gels (9-12%) and transferred onto After incubation with HRP-linked secondary antibodies, bands were visualized using enhanced chemiluminescence. Equal loading of proteins was confirmed by the Ponceau-S staining. Protein levels were quantified by scanning densitometry (Scion Image).
Measurement of cGMP
Aortic segments were incubated in Earle's salts solution containing 0.1% BSA, 100 U/ml penicillin and 100 µg/ml streptomycin with 3-isobutyl-1-methylxanthine (IBMX, 10 -3 M) for 30 min to inhibit the degradation of cyclic nucleotides by phosphodiesterases. Aortas were then snapfrozen and stored at -80°C until assayed. Aortic segments were homogenized and tissue concentrations of cyclic guanosine 3',5'-monophosphate (cGMP) were determined by a radioimmunoassay kit (Amersham Pharmacia) (8) .
Measurement of vascular reactivity
Rings (approximately 2 mm long) were isolated from aortic segments proximal to the fistula (aortic segments with increased blood flow) and from aortic segments distal to the fistula (aortic segments with decreased blood flow), and from the abdominal aorta of sham-operated rats. Aortic rings were mounted in organ chambers containing 25 
Measurement of tissue biopterin, and GTP cyclohydrolase-I activity and expression
Biopterin levels were determined after differential oxidation in acid and base conditions by reverse-phase HPLC (8) . GTPCH-I activity was assessed as a function of neopterin production under standard conditions with GTP as a substrate (19) . The expression of GTPCH-I was also analyzed by the Western blot (immunoblotted against rabbit anti-mouse GTPCH-I antibody, 1:50 dilution, Invitrogen).
Antibodies and Drugs
Unless otherwise specified, all the antibodies used in the present study were purchased from the BD Transduction Laboratories (eNOS, eNOS-S1177, Hsp90 and caveolin-1) or Stressgen (Akt and Akt-S473). IBMX, phenylephrine, acetylcholine, DEA-NONOate and papaverine were obtained from Sigma. All other reagents were of analytical grade.
Statistical Analysis
Results are presented as the mean±SEM. Mean values comparing sham and AC fistula rats were analyzed by an unpaired t-test. Mean values comparing aortic segments proximal from and distal
to fistula were analyzed by a paired t-test. ANOVA was used to compare the concentrationdependent curves between groups. Statistical significance was accepted at a level of P< 0.05.
Results
Hemodynamic measurements
Eight weeks after surgery, systolic blood pressure was similar between rats received sham or AC fistula operation (106±5 vs 103±3 mmHg, sham vs fistula, respectively; n= 4-5, P= 0.46).
Compared with sham-operated animals, aortic blood flow measured at the level of renal vessels was significantly higher in rats with the aortocaval fistula (0.12±0.03 vs 0.22±0.01 ml/min/g body weight, respectively; n= 3, P= 0.04).
Western blot analysis
Compared with distal aortic segments (lower blood flow), segments proximal to the fistula (higher blood flow) expressed significantly higher levels of eNOS, eNOS-S1177, Hsp90 and caveolin-1 ( Fig 1A and 1B) . Expression of these proteins, except Hsp90 in aortic segments proximal to the fistula, was also higher than that observed in sham-operated rats ( Figure 1A and 1B) .
Phosphorylation of the serine 473 residue of Akt was increased in vessels exposed to high flow, while the total level of Akt remained unchanged (Figure 2A and 2B) .
Measurement of cGMP
The amount of NO released from the aorta was quantified by the tissue concentrations of cGMP following incubation in IBMX for 30 min. Concentrations of cGMP were significantly elevated in the aortic segments exposed to higher blood flow, as compared to sham-operated and low flow 
Vascular reactivity
Contractions to KCl (40 mM) and PE (10 -9 to 10 -5 M) were significantly reduced in segments isolated from the proximal aorta, as shown in Table 1 , Figure 4A and 4B. EC 50 of PE was increased in the aorta proximal to the fistula in comparison to the distal and sham-operated aortas, but the differences were not statistically significant (Table 1) . Treatment with L-NAME significantly potentiated the contraction responses in the proximal aorta, while changes in the distal aorta were less affected (Table 1) . Endothelium-dependent relaxations to acetylcholine and endothelium-independent relaxations to DEA-NONOate were not significantly different among
sham-operated aortas, as well as proximal and distal aortas ( Figure 4C and 4D).
Expression and Enzymatic activity of GTPCH-I
Compared to the distal aortic segments with lower blood flow or to aortas obtained from shamoperated rats, both expression and enzymatic activity of GTPCH-I were significantly increased in aortic segments proximal to the fistula ( Figure 5A and 5B).
Tetrahydrobiopterin levels
Total biopterin levels were increased in aortic segments exposed to increased blood flow as compared with sham-operated and low flow aortas ( Figure 6A ). This increase was due to the elevated BH4 levels ( Figure 6B ). Levels of oxidative productions of BH4 (7,8-BH2/biopterin) and the BH4-to-BH2 biopterin ratios were similar among the three vessel segments ( Figure 6C and 6D), indicating the absence of increased oxidation of BH4.
Discussion
Using the aortocaval model, the present study demonstrates that increased blood flow causes coordinated up-regulation of eNOS and GTPCH-I. Elevation of GTPCH-I protein expression is accompanied by increased amounts of BH4, the latter resulting from enhanced enzymatic activity of GTPCH-I. We also demonstrate that blood flow does not affect oxidation of BH4, suggesting that increased net biosynthesis of BH4 per se is a major mechanism responsible for increased availability of BH4.
The aortocaval fistula model in rats was developed about 25 years ago (18) . This model predictably increases increased blood flow and shear stress in the proximal aorta, the latter shown to be increased some 3-fold within 10 minutes after the creation of the fistula (11) . This model has been successfully utilized in studies designed to determine in vivo effects of blood flow on endothelial function, demonstrating, for example, enhanced expression (both mRNA and protein) and activity of eNOS in the rat aorta (27) . Such changes in this model occur without any elevation in mean arterial pressure (11; 35; 39) . Consistent findings were observed in our studies utilizing this model at 8 weeks: systolic blood pressures were unaltered in this model whereas blood flow was increased almost 2-fold in the aorta proximal to the fistula as compared with aortic blood flow distal to the fistula.
To the best of our knowledge, the present study is the first to demonstrate that increased blood flow stimulates arterial biosynthesis of BH4, and that such increased synthesis results from increased protein expression and enzymatic activity of GTPCH-I; as such, our study provides novel insights regarding the molecular basis for increased NO synthesis in the setting of increased (Table 2) , indirectly supporting our findings that GTPCH-I may be transcriptionally regulated by shear stress, although this hypothesis requires further investigation. Our data provide the first evidence that biosynthesis of BH4 is governed by hemodynamic forces. This finding has important implications for understanding of flow-dependent regulation of eNOS. Availability of BH4 is critical for enzymatic activity of eNOS and ability of blood flow to upregulate GTPCH-I and eNOS in coordinated fashion is most likely designed to optimize production of NO.
In the vessels with increased blood flow, the expression of eNOS and its phosphorylated form (eNOS-S1177) were both significantly enhanced. These findings support the concept that both eNOS. Using Western analysis, the expression of heme oxygenase-1, which may also activate soluble guanylyl cyclase via the release of carbon monoxide, was not increased in the in the aortic segments with increased blood flow (data not shown). Furthermore, contractions to KCl and 1 -adrenergic receptor activation were significantly reduced in the aorta proximal to the fistula.
Inhibition of NOS potentiates the contractions to KCl and phenylephrine in the proximal aorta, but not in the distal, low-flow aorta, suggesting that high local concentrations of NO and subsequent elevation of cGMP contribute to the reduced reactivity to vasoconstrictors in aorta exposed to high blood flow. These results are consistent with the findings reported by Rudic et al (34), in which contractions of mouse carotid artery were reduced 7 days after exposure to high blood flow.
In the present study endothelium-dependent and endothelium-independent relaxation responses of aorta exposed to high flow were not significantly different from sham-operated aorta or aorta exposed to low flow. Our data are in line with study reported by Rudic et al (34), but at variance with results obtained on arteriovenous fistula in canine femoral vasculature (25) . Augmented endothelium-dependent relaxations to acetylcholine were found in the femoral artery exposed to high blood flow for six weeks (25) . Several major differences including experimental design (six versus eight weeks of high flow), different anatomical location of fistula, as well as species differences may account for differential reactivity to acetylcholine. responses. However, we wish to point out that major conclusion of our study is in full agreement with prior in vivo studies (25; 27; 36), namely high arterial blood flow stimulates production of endothelial NO.
Using the aortocaval fistula in rats, we demonstrated that long-term increase in arterial laminar blood flow upregulates the expression of eNOS and its GTPCH-I. Activation of Akt/eNOS-S1177 pathway is also an important mechanism responsible for stimulation of eNOS enzymatic activity.
The results of the present study are the first to show that increased blood flow stimulates vascular biosynthesis of BH4, and to delineate the basis for such increased BH4 synthesis, namely, increased GTPCH-I protein expression and enzymatic activity of GTPCH-1. Blood flow does not affect oxidation of BH4, thereby reinforcing conclusion that increased biosynthesis of BH4 is a major mechanism responsible for increased availability of BH4. Elevation of intracellular BH4 concentration appears to be required for optimal production of NO in arterial endothelium and vasodilatation of arteries exposed to high blood flow. PE: phenylephrine. L-NAME: N(G)-nitro-L-arginine methyl ester, a nitric oxide synthase inhibitor sham-operated rats and rats with the aortocaval fistula, and a paired t-test was used to compare between proximal and distal aortic segments in the rats with the aortocaval fistula. 
